We report grazing incidence small angle neutron scattering (GISANS) and complementary offspecular neutron reflectometry (OSR) of the magnetic order in a single-crystalline epitaxial MnSi film on Si(111) in the thick film limit. Providing a means of direct reciprocal space mapping, GISANS and OSR reveal a magnetic modulation perpendicular to the films under magnetic fields parallel and perpendicular to the film, where additional polarized neutron reflectometry (PNR) and magnetization measurements are in excellent agreement with the literature. Regardless of field orientation, our data does not suggest the presence of more complex spin textures, notably the formation of skyrmions. This observation establishes a distinct difference with bulk samples of MnSi of similar thickness under perpendicular field, in which a skyrmion lattice dominates the phase diagram. Extended x-ray absorption fine structure measurements suggest that small shifts of the Si positions within the unstrained unit cell control the magnetic state, representing the main difference between the films and thin bulk samples.
The discovery of skyrmions in chiral magnets [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] has generated great efforts to exploit their unusual properties technologically [14] [15] [16] [17] . Initially identified in a small pocket of the phase diagram of the cubic chiral magnets MnSi, Fe 1−x Co x Si, FeGe, and Cu 2 OSeO 3 , Lorentz transmission electron microscopy (LTEM) early on revealed a strong increase of the extent of the skyrmion phase with decreasing sample thickness [5-7, 18, 19] . While this demonstrated that nano-scaled systems may be ideally suited to host skyrmions, the mechanisms controlling their formation in samples prepared by established deposition techniques remain unresolved.
Based on measurements of the magnetization and magneto-transport, interpreted to provide a topological Hall signal for magnetic fields applied perpendicular to the films, seminal work on epitaxial films of MnSi [20] [21] [22] , Mn 1−x Fe x Si [23] , Fe 1−x Co x Si [24, 25] and FeGe [26] [27] [28] claimed the formation of skyrmions. However, the phase diagrams reported for nominally the same films differ between different studies, as well as from those determined by means of LTEM in thin bulk samples. Moreover, alternative mechanisms have been proposed explaining the same data without invoking skyrmions or topological textures [29, 30] . Subsequent microscopic measurements using polarized neutron reflectometry (PNR) [31] [32] [33] , while suggesting modulations perpendicular to the films, failed to resolve this situation convincingly, as PNR requires the assumption of complex scattering profiles. Similar uncertainties arise in studies of epitaxial films using LTEM, either because of parasitic signal interferences in the presence of the substrate [29, 34] , or because in free-standing films removal of the substrate changes the elastic properties of the films [28] . Similar uncertainties exist under magnetic fields parallel to the films. Here, magnetization, magneto-transport and PNR have been interpreted to provide putative evidence of complex magnetic phase diagrams supporting the formation of inplane skyrmions [21, [35] [36] [37] [38] .
Theoretically, it was at first believed, that the increase of the skyrmion phase in thin bulk samples originates from the destabilization of the competing magnetic phases [5, 6, 39] . Recent studies suggest instead that free surfaces favour the formation of skyrmions energetically, driving the formation of skyrmions in surfacedominated systems [33, [40] [41] [42] . Another aspect are interface induced spin-orbit coupling effects, which are dominant for heavy element substrates as used in studies of atomically thin films of Fe and FePd [43, 44] . Last but not least, numerous studies have considered magnetic anisotropies induced by the lattice mismatch with the substrate [21, 32, [45] [46] [47] [48] , which, however, are found to decrease rapidly with increasing film thickness.
To establish the nature of the long-range magnetic order in thin films unambiguously, direct reciprocal space imaging by means of neutron scattering is ideally suited. Meaningful diffraction patterns are already expected for short correlation lengths. Typical features of the magnetic structures considered in epitaxial thin films of B20 compounds can be found in the supplementary information [49] .
A major technical constraint of neutron scattering in thin films is the tiny sample volume. For instance, a recent study on a thick MnSi film using small angle neutron scattering (SANS) in a transmission geometry has demonstrated that even for a measurement time of 20 hours the magnetic signal was barely discernable [38] . In comparison, a clear SANS signal was observed in a stack of 32 FeGe films (15 × 15 mm 2 corresponding to 12 mg of material) illuminated parallel to the film [50] . Unfortunately, this approach requires perfectly identical large films, bearing the additional risk that important details may get averaged out.
In view of these complexities an important point of reference are the differences between thin bulk samples, providing a well-defined setting, and epitaxial layers of comparable thickness. For FeGe on Si(111), where the lattice mismatch is vanishingly small, the SANS on a stack of 32 large films has provided compelling evidence that the magnetic order consists of a helical modulation perpendicular to the film without any evidence for more complex textures, notably skyrmions. The pronounced difference of the magnetic order in epitaxial films and thin bulk samples appears to be well beyond present understanding and underscores the need for further microscopic information on structural differences.
In our study we focus on the properties of epitaxial MnSi films on Si(111) since this allows for comparison with thin bulk samples of MnSi as well as the large body of literature on FeGe. Demonstrating for the first time, that GISANS and OSR can be performed on just a single film rather than a large stack [51] , we find a magnetic modulation perpendicular to the MnSi films featuring magnetic phase diagrams under parallel and perpendicular field that are highly reminiscent of those in FeGe on Si(111). Moreover, extended x-ray absorption fine structure (EXAFS) on the same thick epitaxial MnSi films reveals that the lattice mismatch with the substrate is released within a few atomic layers, such that the films display unstrained lattice parameters, however, with small shifts of the Si positions normal to the film plane [52] . Taken together our results suggest formation of a magnetic modulation perpendicular to the films as a generic property of thick epitaxial films of B20 compounds supported by a substrate, caused by tiny shifts of the nonmagnetic atoms.
Epitaxial MnSi(111) films were grown on Si(111) substrates using molecular beam epitaxy following the established recipe for solid-phase epitaxy [20, 49] . For our study we selected three MnSi film thicknesses [d = (390 ± 10)Å, (495 ± 10)Å, and (553 ± 10)Å] that are much larger than the length of the magnetic helix of ∼180Å in bulk MnSi, and well above the thickness of ∼120Å where T c becomes thickness-independent. Moreover, the induced uniaxial anisotropy is vanishingly small [35, 53] . The ∼550Å thick sample displayed structural and magnetic properties consistent with data reported in the literature [20-22, 31-33, 35, 36, 54-56] . Samples without capping, Si capping and Cu capping were prepared. The samples with Cu capping were designed as neutron resonator (waveguide) structure to enhance spin-flip scattering by non-collinear magnetic structures such as skyrmions. However, we did not detect any significant spin-flip scattering in our PNR experiments consistent with the absence of skyrmions. All samples displayed the same magnetic properties apart of small differences of the modulation length of order 10 %. Shown in Fig. 1(a) is the GISANS setup used for our study. Measurements were carried out at SANS-1 at the Heinz Maier-Leibnitz Zentrum (MLZ), Munich [57] . The sample was illuminated under an incident angle of θ i = 0.65
• using neutrons of wavelength λ = (5.5 ± 0.5)Å collimated over 8 m and recorded with a detector 6 m behind the sample. Due to the magnetic mosaicity of the sample and the small scattering angles Bragg peaks for both +k h and -k h could be observed simultaneously. This allowed us to better separate the specular reflection (yellow arrow) from the Bragg peaks. GISANS data was recorded for fields perpendicular as well as parallel to the film.
Typical data at T = 15 K for a MnSi film (d = 553Å) capped with 310Å of Cu are shown in Figs. 1(b-e) for a field parallel to the film and the neutron beam [ Fig. 1(a) ] after subtraction of the background determined at 60 K. The direct beam in the center of the images was partially masked (blue square) to prevent saturation of the detector, yet permitting data analysis even very close to the direct beam. In zero field, a magnetic satellite peak labeled A at |Q z | = ±0.067Å −1 is observed, characteristic of a magnetic modulation along [111] normal to the film plane. As compared to bulk MnSi the pitch of the modulation is a factor of two smaller. In view of the bulk properties of MnSi we assume the formation of a helical modulation.
Remarkably, with increasing magnetic field the peak sharpens without changing its location and a second peak labelled B emerges above ∼ 0.2 T at |Q z | = 0.052Å −1 as shown in Fig. 1(c) . The same behavior was observed for fields parallel to the film, regardless if the fields were parallel or perpendicular to the neutron beam. Similarly, for a magnetic field perpendicular to the film a magnetic modulation perpendicular to the film of unchanged modulation length was observed for all magnetic fields up to the onset of the field-polarised state at H c2 . Considering instrumental resolution, neither the GISANS data nor any of the other data we recorded provide indications of scattering at finite Q y or Q x in the parameter regime explored. Thus the magnetic order in our MnSi film is definitely dominated by a magnetic modulation perpendicular to the film.
To connect the GISANS data with properties reported in the literature [31, 35] we performed PNR (θ i = θ f ) and OSR (θ i = θ f ) at NREX, MLZ [58] . Using neutrons with a wavelength λ = 4.31Å and a polarization parallel and antiparallel to the in-plane magnetic field B y and the magnetic moments pointing predominantly along B y . The appearance of helices parallel to Q z inferred from our PNR data is in excellent agreement with our GISANS results, as well as with the literature [31, 36] . We note that PNR measurements in a MnSi film with a similar thickness of 267Å, reported in the literature [32, 35] , were satisfactorily fitted with a sinusoidal magnetization profile and a modulus of the helix vector of 0.045Å −1 in zero field and a distorted sinusoidal shape together with a different periodicity for in-plane magnetic fields of 0.2 T and 0.4 T. This discrepancy with our data may be attributed to a reduced sample size, but reflects also the uncertainties when interpreting PNR data.
A comparison of the Q z -dependence observed in GISANS and OSR is shown in Figure 3 . For this comparison the GISANS data was integrated radially within the sector indicated by the red lines shown in Fig. 1(b) . The data was scaled with a single normalisation constant for the comparison with the OSR. The Q z -dependence of the OSR signal was obtained by integrating the intensity on the negative side of the specular signal for momentum transfers Q x ≤ −3 × 10 −6Å−1 [see Figs. 2(d,e) ]. All data (Fig. 3 ) displays a single peak at low (a1,b1) and high fields (a3,b3), respectively, and two peaks at intermediate fields (a2,b2), although the measurements have been conducted under very different resolution conditions and for two different spatial orientations with respect to the in-plane magnetic field. As no diffraction peaks or intensities are observed in the Q x -Q y plane, the modulations evolve along Q z only. Even though the GISANS, OSR and PNR signals cannot be tracked all the way up to B c2 and T c , the accessible T and B ranges are sufficiently large to note that we do not find any evidence supporting earlier claims of in-plane skyrmions [21, 38] .
A similar reduction of the helical modulation length under magnetic field parallel to the film was previously proposed in a related study of a film with d = 267Å using PNR, magneto-transport and magnetometry [36] . Our data are also consistent with an unwinding in discrete steps, also reported in Ref. [36] . This behaviour agrees with the interplay of a perpendicular magnetic anisotropy, favouring an out-of-plane propagation, and the Zeeman energy under applied fields. It is interesting to note, that the magnetic anisotropy constant inferred in our films from torque magnetometry is vanishingly small [53] and consistent with estimates based on the magnetisation reported in the literature [35] . This result suggests a more subtle origin of the propagation direction other than strain-induced magnetic anisotropies.
Combining our neutron data with SQUID magnetometry on the same MnSi films the magnetic phase diagram shown in Fig. 4 was constructed. The PNR data (open symbols) and GISANS/OSR data (filled circles) are fully consistent with each other. The phase boundaries between regime 2 and the field-aligned ferromagnetic phase and T c were inferred from the SQUID data. The upper critical field B c2 = 0.93 T (blue dots), as well as T c = 42.5 K, are significantly higher than the corresponding values in bulk MnSi, in good agreement with the literature [21, 22, 35] .
The magnetic order and the phase diagrams we observe are in striking similarity with the magnetic phase diagram observed in a SANS study of a stack of 32 FeGe thin films. For the FeGe films the lattice mismatch is tiny, rendering simple strain-induced magnetic anisotropies highly unlikely. For our MnSi films, EXAFS [52] establishes, that the lattice strain is released within a few atomic layers, while the main part of the film is unstrained apart from tiny out-of-plane shifts of the positions of the Si atoms. These shifts give way for an unexpected new mechanism controlling the appearance of an out-of-plane modulation in epitaxial MnSi films.
In summary, we present the first reciprocal space mapping of the magnetic order in single thick epitaxial MnSi films on Si(111) demonstrating the potential of GISANS and OSR, where we find a magnetic phase diagram in striking similarity with thick epitaxial FeGe films. Combining these results with EXAFS and the established properties of thin bulk samples, we conclude that the magnetic order we observe is generic, providing an entry port for unravelling the rather conflicting information on thin films in the literature as concerns the precise mechanisms that allow to tailor skyrmions in nanosystems by means of established deposition techniques.
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I. FOURIER TRANSFORMATIONS OF DIFFERENT MAGNETIC ORDERINGS
Magnetic order in thin epitaxial films of B20 compounds considered in the literature comprise (i) helical modulations out-of-plane, (ii) helical modulations in plane , (ii) skyrmion lattices out-of-plane, and (iv) skyrmion lattices in-plane. In order to support the discussion of the experimental data we present in the following the Fourier transform of these forms of magnetic order, convoluted with a Gaussian distribution function to simulate the effects of instrument resolution. The calculated diffraction patterns may be compared directly with the experimental data shown in the main text.
The helical magnetic order was modelled using the conventional representation:
where the propagation vector is aligned with the z-axis. For the skyrmion lattices the structure was modelled using:
where
and α 1,2,3 = 0
• represent the angles under which the three helices in the x-y plane are superposed.
In-plane skyrmions or in-plane propagation of helical order were addressed by rotating the grid on which the magnetic structure was calculated. The nomenclature of the results is based on a sample-centered coordinate system, where the out-of-plane direction is parallel toẑ.
For our simulations, we assumed a film of MnSi with a thickness of 500Å and a wavelength of the modulation given by the bulk value λ = 180Å. In comparison, the experimentally determined pitch in our thin films was ∼100Å. However, the qualitative appearance of the diffraction patterns is not affected by the difference in λ. To avoid spectral leakage a three-dimensional Blackman window function was applied on the magnetization distribution before the Fourier transformation was calculated.
The results of the calculations are summarized in Fig. S1 . The magnetic structures studied are represented in the top row, while the three main orientations in reciprocal space are shown from top to bottom, namely:
• x-z plane analogous to a GISANS experiment.
• y-z plane analogous to a GISANS experiment after rotating the sample by 90
• around the Q z -direction.
• x-y plane representing a typical SANS experiment in transmission geometry.
The out-of-plane skyrmion lattice and the in-plane helical propagation do not show any signal along Q z , and are thus both incompatible with our GISANS data. The in-plane skyrmion lattice would show a small signal along Q z . Rotating the sample by 90
• results in a large signal along either Q x or Q y . For an in-plane skyrmion lattice, predicted theoretically to form parallel to a field applied in-plane, a scattering intensity along Q x is expected. Such an easy-to-spot signal was not observed in our measurements. As all orientations were studied experimentally, the only magnetic structure compatible with our results is an outof-plane helically ordered state.
II. EXPERIMENTAL METHODS

A. Sample Preparation
Epitaxial MnSi(111) thin films were grown on Si (111) 
III. EXPERIMENTAL DATA A. X-Ray Diffraction and Reflectivity
For the determination of the out-of-plane lattice parameters, the perfection of the interfaces, and the thickness of the epitaxial films, x-ray diffraction (XRD) and XRR scans were carried out on a D5000 diffractometer using Cu K α1 radiation. The momentum transfer Q was always oriented perpendicular to the film surface. The reflectivity data was fitted using the Parratt32 algorithm [1, 2] from which the scattering length density (SLD) of the sample can be determined.
XRD patterns from the MnSi films are shown in Fig. S2 Finally, the scattering length density profile was extracted which is shown in Fig. S2(c) .
The Si/MnSi interface is located at z = 0. Obviously, the profiles show similar characteristics demonstrating that MnSi samples can be grown reproducibly. Sample SI121 is covered with a Cu layer to both enhance the neutron cross-section and to protect the surface from oxidation.
B. Magnetization Measurements
The magnetic properties of the films were also determined with superconducting quantum interference device (SQUID) magnetometry using a Quantum Design SQUID with a 
C. Complementary Neutron Scattering Data
In the case of an out-of-plane skyrmion lattice, as proposed in Ref. [7] , a small angle neutron scattering experiment in the conventional transmission geometry (cf. Fig. S4 ) would yield the six-fold symmetric pattern associated with its hexagonal lattice. We performed such experiments at the instrument SANS-1 at MLZ [10] . The experimental setup is shown in Fig. S4(a) . The magnetic field is applied parallel to the neutron beam as in Ref. [7] . Figure   S4 (b) shows typical data gathered in such a scattering geometry. We found no magnetic signal, indicating the absence of magnetic correlations (for example skyrmions) within the plane of the sample.
Finally, we prove that the magnetic modulations propagate perpendicular to the film independent of the direction of the applied magnetic field B. .5 6.6 6.6 6.7 6.7 6.8 6.8 6.9 6.9 6.9 7.0 7.0 7. .0 9.0 9.0 9.1 9.1 9.2 9.2 9.3 9.3 9.4 9.4 9.4 9.5 9.5 9.6 9.6 9.7 9.7 9.8 9.8 9.9 9.9 9.9 10.0 10 10 10 10 10 10 10 10 10 10 10 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 have applied B perpendicular to the wavevector k i of the incident neutrons. In a first configuration we applied B perpendicular to the film as shown in Fig. S5(b) . The data in 
